Pseudomonas aeruginosa from the healthy ocular surface in vivo. Healthy corneas of Black Swiss mice were inoculated with 10 7 or 10 9 CFU of invasive (PAO1) or cytotoxic (6206) P. aeruginosa. Viable counts were performed on tear fluid collected at time points ranging from 3 to 14 h postinoculation. Healthy ocular surfaces cleared both P. aeruginosa strains efficiently, even when 10 9 CFU was used: e.g., <0.01% of the original inoculum was recoverable after 3 h. Preexposure of eyes to bacteria did not enhance clearance. Clearance of strain 6206 (low protease producer), but not strain PAO1 (high protease producer), was delayed in SP-D gene-targeted (SP-D ؊/؊ ) knockout mice. A protease mutant of PAO1 (PAO1 lasA lasB aprA) was cleared more efficiently than wild-type PAO1, but this difference was negligible in SP-D ؊/؊ mice, which were less able to clear the protease mutant. Experiments to study mechanisms for these differences revealed that purified elastase could degrade tear fluid SP-D in vivo. Together, these data show that SP-D can contribute to the clearance of P. aeruginosa from the healthy ocular surface and that proteases can compromise that clearance. The data also suggest that SP-D degradation in vivo is a mechanism by which P. aeruginosa proteases could contribute to virulence.
Pseudomonas aeruginosa, an opportunistic pathogen, is a leading cause of bacterial keratitis. While normal, healthy human corneas remain resistant to infection, contact lens wear or corneal injury/surgery can enable susceptibility (5, 15, 26) . The mechanisms by which these factors predispose to infection are not yet well understood.
A murine scarification model has been used exclusively to study the pathogenesis of P. aeruginosa corneal infection (3, 9, 30) . That model involves scratching the cornea with a sterile needle prior to adding bacteria, which enables bacteria to directly access the exposed stroma. The resulting disease resembles P. aeruginosa infection in people. More recently, we used a healing model of murine corneal infection to show that 6 h after scratching, the mouse cornea remains susceptible to infection, but by 12 h, it regains resistance to infection despite loss of barrier function to fluorescein staining (18) . These injury models that enable P. aeruginosa to infect the cornea have led to a wealth of information about how infection develops and resulting pathology. Yet, the mechanisms by which the normal ocular surface remains healthy under normal circumstances have not been explored in vivo. This cannot be studied using a scratch model. The corneas' ability to resist disease despite constant daily exposure to potential pathogens is remarkable, and learning about the mechanisms involved could help us to develop new therapies for disease of the eye and possibly other sites.
Results from the 12-hour healing situation suggested that defense systems other than barrier function can protect the ocular surface against infection. These defenses could involve biochemical factors constitutively expressed or upregulated in response to injury or bacterial exposure. Candidate factors could include defensin or other antimicrobial peptides, secretory immunoglobulin A, and mucin glycoproteins (11, 14, 23) .
In this study we focused on surfactant protein D (SP-D), which we have previously shown is present at the ocular surface, is upregulated by P. aeruginosa or its antigens, and can protect corneal epithelial cells against invasion (27, 28) . Others have shown that SP-D-deficient mice lose their capacity to recover from P. aeruginosa keratitis when the eye is made susceptible using an injury model (25) . Here our aim was to explore the role of SP-D in protecting the healthy eye against bacterial colonization. Thus, we developed a novel null-infection model in which the cornea is not damaged prior to inoculation with P. aeruginosa. The objective was to allow bacteria to interact with the healthy ocular surface (intact cornea) to enable us to study host factors that normally protect the eye from developing infection when it is not susceptible and the potential role that bacterial factors might play in compromising those defenses. This new model was then used to test the hypothesis that SP-D contributes to the clearance of P. aeruginosa from the healthy ocular surface and to explore the role of P. aeruginosa proteases in promoting ocular colonization in vivo.
MATERIALS AND METHODS
Bacterial strains. Cytotoxic strain 6206 and invasive strain PAO1 expressing green fluorescent protein (GFP) on pSMC2 plasmid (PAO1-GFP) were used for experiments comparing clearance of a cytotoxic strain and an invasive strain (see Fig. 1 and 2 ). PAO1-GFP was provided by Gerald B. Pier (Harvard Medical School, Boston, MA) and grown on Trypticase soy agar supplemented with carbenicillin (300 g/ml). Wild-type PAO1 and its isogenic mutant PAO1 lasA lasB aprA (6) without GFP were used in other experiments (see Fig. 3 Ϫ/Ϫ mice were purchased from Taconic (Seattle, WA). After induction of anesthesia (intraperitoneal injection with 21 mg/ml ketamine, 2.4 mg/ml xylazine, and 0.3 mg/ml acepromazine), 5 l of bacterial inoculum containing ϳ10 7 or 10 9 CFU was applied to the healthy ocular surface. At 3, 6, 12, and 14 h postinoculation, tear fluid was collected from the ocular surface and the number of viable bacteria within was determined. Tear fluid was collected by capillary action using a 10-l-volume glass capillary tube (Drummond Scientific Co., Broomall, PA) from the lateral canthus after 4 l of phosphate-buffered saline was added to the ocular surface. In some experiments, whole eyes were enucleated after collection of tears and homogenized in 1 ml of phosphate-buffered saline with 0.25% Triton X-100 for viable counts. In other experiments, eyes were preexposed to bacteria for ϳ16 h prior to inoculation in order to potentially stimulate innate defenses. Ocular health was monitored throughout the experiment to ensure the absence of disease pathology. All experiments involved between 3 and 10 animals per group and were repeated at least twice. All procedures were carried out in accordance with the protocol established by the Association for the Research in Vision and Ophthalmology and were approved by the Animal Care and Use Committee, University of California, Berkeley.
Bacterial elastolytic activity assay. Bacterial inocula were prepared in DMEM at a concentration of 10 11 CFU/ml. Inocula were centrifuged for 5 min at 14,000 ϫ g, and 50 l of the supernatant was added to Eppendorf tubes containing 10 mg of elastin Congo red (Elastin Products Company, Owensville, MO) in 1 ml of sodium phosphate buffer (Na 2 HPO 4 , 10 mM, pH 7.0). Known concentrations of purified elastase (Elastin Products Company, Owensville, MO; Calbiochem, Gibbstown, NJ) were included to form a standard curve. Samples were incubated at 37°C for 2 h with constant shaking before centrifugation for 5 min at 5,000 ϫ g to remove insoluble substrate. Absorbance of the supernatants was measured as optical density at 495 nm, and elastase activity was determined by reference to the standard curve.
Measurement of elastase-mediated SP-D degradation in vivo and in vitro.
For in vivo studies, both ocular surfaces of five anesthetized wild-type Black Swiss mice were inoculated with 80 g/ml of purified elastase in a vehicle of DMEM containing 4% (vol/vol) glycerol for 1 h. A control group of five anesthetized mice were inoculated with vehicle only (DMEM with 4% [vol/vol] glycerol). After 1 h, tear fluid was collected as described previously. The total protein concentration of each sample was measured using the DC protein assay (BioRad, Hercules, CA), and equivalent amounts of each sample were resolved on a 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis precast Tris-HCl polyacrylamide gel (Bio-Rad, Hercules, CA) under reducing conditions (100 V, 1.5 h). SP-D was then detected by Western immunoblotting as previously described using rabbit anti-mouse SP-D antiserum diluted 1:750. For in vitro studies, recombinant SP-D or murine or human tear fluid was mixed with either DMEM (vehicle) or 20 g/ml of purified elastase suspended in DMEM for 3 h at 37°C and SP-D was detected as described above. Human tears were collected from a healthy human volunteer using a 30-l-volume capillary tube under a protocol approved by the Committee for the Protection of Human Subjects, University of California, Berkeley.
Statistical analysis. The statistical significances in numbers of viable bacteria were compared between two groups nonparametrically using the Mann-Whitney U test. Accordingly, the number of bacteria recovered is expressed as the median and upper and lower quartiles. In the figures, asterisks show outliers within 3 interquartile ranges below the first quartile or above the third quartile and circles show outliers beyond 3 interquartile ranges of the first and third quartiles. Each panel of Fig. 2A to 4B is representative of independent experiments conducted on different days. In each instance, data sets were analyzed using the BrownForsythe test, which confirmed that there were no significant differences in the variance between the two groups compared, thereby allowing use of the MannWhitney U test. P Ͻ 0.05 was considered statistically significant.
RESULTS
P. aeruginosa is efficiently cleared from the healthy ocular surface. Healthy eyes of wild-type mice cleared both strains of P. aeruginosa (6206 and PAO1-GFP) efficiently in a time-dependent manner. After inoculation with 10 7 CFU of invasive strain PAO1-GFP, only 0.00012% of the original inoculum was detected in the tear fluid after 6 h, and by 12 h no viable bacteria were recovered from the tears (Fig. 1A) . Similar results were obtained using a larger inoculum of this strain (10 9 CFU), with only 0.0018% and 0.000038% of the original inoculum recovered from the tears after 3 h and 14 h, respectively. Even more efficient clearance was noted for the cytotoxic strain 6206, with only 0.000093% recovered after 3 h (ϳ20-fold lower than that of PAO1-GFP at the same time point), and no viable bacteria were recovered after 14 h (Fig. 1A) . Similar low percentages of bacteria were recovered from ocular homogenates 14 h after inoculation using 10 9 CFU of either strain, showing that differences in clearance from the tear fluid did not result from bacterial relocation to other ocular sites. Fluorescein staining 14 h after inoculation showed that 6206 caused more superficial damage to the cornea than did PAO1-GFP (Fig.  1B) . Nevertheless, 6206 bacteria were cleared more efficiently from the ocular surface than were PAO1-GFP bacteria and neither caused disease.
SP-D-deficient mice demonstrate delayed clearance of cytotoxic strain 6206. SP-D-deficient mice were used to study the role of SP-D in clearance of P. aeruginosa from the healthy ocular surface. Healthy eyes of wild-type and SP-D Ϫ/Ϫ Black Swiss mice were inoculated with 10 9 CFU of either 6206 or PAO1-GFP for ϳ16 h and were then rechallenged for 3 h with the same number of bacteria. Preexposure with bacteria was used as a potential stimulant to upregulate potential innate defense factors (17, 21, 28) , although it is not known if this occurs in this model. At 3 h after inoculation with 10 9 CFU of 6206, significantly more bacteria (ϳ12-fold) were isolated from the tear fluid of the SP-D Ϫ/Ϫ mice than from that of the wild-type mice (P ϭ 0.025, Mann-Whitney test) ( Fig. 2A) . However, no significant differences were found for invasive strain PAO1-GFP (Fig. 2B) .
SP-D-deficient mice show delayed clearance of the protease mutant of strain PAO1. Since the data indicated that 6206 was cleared more efficiently from the ocular surface than was PAO1-GFP and 6206 is known to express low protease activity compared to PAO1 (1, 29) , we hypothesized that proteases may compromise clearance. Thus, clearance of PAO1 was compared to that of an isogenic protease mutant in both wildtype and SP-D Ϫ/Ϫ mice. The data showed that significantly more protease-mutant bacteria remained in the tear fluid of the SP-D Ϫ/Ϫ mice than in that of wild-type mice (P ϭ 0.009, Mann-Whitney test) (Fig. 3A) . No such differences were found for PAO1 (P ϭ 0.4662, Mann-Whitney test) (Fig. 3B) . In VOL. 77, 2009 OCULAR SURFACE DEFENSES AGAINST BACTERIAL COLONIZATIONwild-type mice, significantly lower numbers of protease-mutant bacteria than protease-competent PAO1 bacteria were recovered from the tear fluid (ϳ43-fold, P ϭ 0.016, Mann-Whitney test) (Fig. 4A) . Differences between PAO1 and protease-mutant bacteria were not statistically significant in SP-D Ϫ/Ϫ mice (P ϭ 0.4057, Mann-Whitney test) (Fig. 4B) .
Purified P. aeruginosa elastase degrades tear fluid SP-D in vitro and in vivo. SP-D is known to be cleaved by P. aeruginosa proteases in vitro and in rat and human bronchoalveolar lavage fluid into an inactive 35-kDa form (1, 20, 22) . Since the data showed that proteases delayed bacterial clearance and that SP-D expedites this clearance process in the absence of proteases, we next explored whether degradation of SP-D by P. aeruginosa proteases could occur in tear fluid, which could provide a potential mechanism for that effect. In vitro elastolytic assays with typical inocula used in this study (10 11 CFU/ ml) revealed that PAO1 expressed ϳ70.4 g/ml of elastase while 6206 expressed only ϳ5.6 g/ml. To avoid other inoculum-related confounding factors (i.e., toxins that might interfere with the assay), purified elastase, rather than bacteria, was used in this study. Tear fluid collected from wild-type mice was treated with 20 g/ml of purified elastase for 3 h at 37°C. The same treatment was applied to tear fluid collected from healthy human volunteers. Control samples were treated with vehicle (DMEM). Western immunoblot analysis showed the presence of monomeric SP-D (ϳ43 kDa) in mouse tears and a slightly larger (ϳ50 kDa) form of SP-D in the human tears (Fig. 5A , lanes 5 and 7, respectively), which may relate to a form of SP-D of similar size reported previously by others in human respiratory lavage and amniotic fluid (24) . A degraded SP-D fragment of ϳ35 kDa was observed only in elastase-treated mouse and human tear fluid samples (Fig. 5A, lanes 6 and 8, respectively) and in elastase-treated recombinant SP-D samples (Fig.  5A, lane 4) . These data showed that in the context of tear fluid, SP-D is susceptible to cleavage by P. aeruginosa elastase. To determine if tear SP-D was also degraded in vivo, purified elastase (80 g/ml), at levels similar to those present in our experiments using bacteria, was added to the healthy ocular surface of wild-type mice for 1 h. Control eyes were inoculated with vehicle only. Western immunoblotting of collected tears showed the presence of monomeric SP-D (ϳ43 kDa) in control eyes (Fig. 5B, lane 3) . In contrast, elastase-treated eyes showed both monomeric SP-D and a ϳ35-kDa band of degraded SP-D (Fig. 5B, lane 4) .
DISCUSSION
In this study, we developed a novel null-infection model and used it to show that P. aeruginosa is rapidly cleared from the healthy ocular surface of mice. We found that SP-D can contribute to this process and that it can be delayed by the expression of bacterial proteases. Suggesting a connection between those two findings are the results that SP-D within tear fluid can be degraded by P. aeruginosa elastase in vitro and in vivo, that SP-D Ϫ/Ϫ animals clear wild-type and protease-mutant bacteria similarly, and that protease-mutant bacteria (or strains producing less elastase) are cleared more effectively from wild-type animals than from SP-D Ϫ/Ϫ mice. The ocular surface is constantly exposed to a diverse array of potentially pathogenic microbes. The efficient clearance of microorganisms entering the eye is likely to be important in the maintenance of ocular health. Factors that are likely to contribute include blinking and tear exchange for physical removal of bacteria in addition to tear biochemical factors that bind, aggregate, and/or inactivate microorganisms. Known activities of SP-D include binding and aggregation of P. aeruginosa (and other microbial pathogens) (4), direct antimicrobial activity (32) , and a role in limiting P. aeruginosa-induced corneal pathology in an injury model of corneal infection (25) and during infection of the respiratory tract (10) . SP-D is also known to facilitate phagocytosis by macrophages and to modulate activity of phagocytes (31) . It is known that there are resident dendritic cells within the cornea (13) . The upregulation of corneal epithelial cell SP-D in response to bacterial antigens, which we previously reported (28), could be important in the mechanism by which SP-D contributes to clearance from the healthy ocular surface.
The data showing a relationship between protease expression and retention of P. aeruginosa at the ocular surface could involve SP-D degradation in vivo by proteases. While P. aeruginosa elastase and protease IV had already been shown to degrade purified SP-D into an inactive form (1, 20) , those previous studies were done in vitro. In this study, we showed that elastase can also degrade SP-D when it is within tear fluid either in vitro or in vivo. The data also showed that differences in clearance between wild-type and protease-mutant bacteria seen in wild-type animals are no longer statistically significant in SP-D Ϫ/Ϫ mice. Taken together, these data suggest that SP-D degradation provides a possible mechanism for the delayed clearance of protease-competent bacteria compared to protease mutants. However, the relationship between bacterial proteases, SP-D expression, and ocular clearance of bacteria will require further study to determine the contribution of elastase (and other P. aeruginosa proteases) toward the in vivo degradation of SP-D and the biological significance of this finding given the continued renewal of this innate defense protein by the lacrimal apparatus and ocular surface epithelia (27, 28) . In addition, proteases could also promote ocular colonization through other mechanisms. For example, P. aeruginosa proteases are known to degrade tear immunoglobulins (19) , which could compromise their known ocular defense against infection (23) . Whether previously demonstrated roles for elastase and other proteases in increasing bacterial adherence to the mouse cornea (12) , or in invasion and penetration through epithelia (2, 6) , relate to the role of proteases in colonization of the healthy cornea is yet to be determined.
Cytotoxic P. aeruginosa (6206) was found to be cleared more rapidly than the invasive strain (PAO1). Interestingly, 6206 encodes and expresses a powerful cytotoxin, ExoU (absent in PAO1), which can repress phagocyte infiltration of infected corneas in vivo (33), injure and kill corneal epithelial cells in (8), and also damage the intact corneal epithelium ex vivo (7) . Indeed, our data showed that at the inoculum used in this study, cytotoxic strain 6206 did damage corneal barrier function in vivo, as indicated by fluorescein staining. The rapid clearance of this cytotoxic strain (relative to PAO1), despite its capacity to cause superficial damage in vivo, may reflect its low level or lack of protease activity as previously reported (29) and confirmed in the present study. Traditional models for studying bacterial keratitis in which disease is induced do not allow normal resistance factors to be directly examined. In this study, we developed, and demonstrated, the usefulness of a new null-infection model for this purpose. While we have shown SP-D to be involved in clearance and have shown that P. aeruginosa proteases can compromise it, there are likely to be an array of host factors that protect the eye under normal circumstances and there are also likely to be bacterial factors with the potential to compromise clearance. Further studies using this model could facilitate our understanding of the circumstances surrounding resistance and susceptibility to infection and could eventually lead to new approaches for treatment or prevention of infection of the eye and of other sites. 
